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ABSTRACT 
Two b e r y l l i u m  s t r u c t u r a l  p l a t e s  i n  t h e  NASA Plum Brook Reac to r  have 
bowed toward t h e  f u e l  c o r e ,  and e v e n t u a l l y  f a i l e d  by g r o s s  c r a c k i n g ,  
T h i s  b e h a v i o r  was e v a l u a t e d  i n  terms of mechanical  and p h y s i c a l  property 
changes o f  t h e  i r r a d i a t e d  m a t e r i a l ,  i n t e r n a l  and e x t e r n a l  s t r e s s e s  exper- 
0-l i e n c e d  by t h e  p l a t e s ,  p l a t e  f a b r i c a t i o n  t e c h n i q u e s ,  and r e a c t o r  o p e r a r i n g  0-l 
* h i s t o r y ,  The p r e l i m i n a r y  e v a l u a t i o n  d i d  n o t  pe rmi t  f i r m  c o n c l u s i o n s  ~ L V  Q 
I 
W b e  drawn, However, t h e  amount of bow p e r  u n i t  dose  was p r o p o r ~ i n n a l  t cr 
t h e  mean r e a c t o r  power l e v e l ,  The i n t e r n a l  s t r e s s e s  a l o n e  may have ap-- 
proached t h e  measured t e n s i l e  s t r e n g t h  of t h e  b e r y l l i u m ,  
BERYLLIUM BEHAVIOR I N  THE NASA PLUM BROOK REACTOR 
by R. A, Hasse 
Lewis Research Cente r  
The NASA Plum Brook Reac to r  (PBR) h a s  s u f f e r e d  s t r u c t u r a l  failure of 
2  b e r y l l i u m  r e f l e c t o r  p l a t e s  i n  8 y e a r s  o f  o p e r a t i o n .  A  p r e l i m i n a r y  eval- 
u a t i o n  o f  t h e  f a i l u r e s  h a s  been performed i n  t e r m s  o f  mechanical  property 
in changes ,  i n t e r n a l  and e x t e r n a l  s t r e s s e s  on t h e  p l a t e s ,  f a b r i c a t i o n  merhods, 
Ch 
-a m i c u o s t r u c t u r e ,  and r e a c t o r  o p e r a t i n g  h i s t o r y ,  
u3 
I 
M Mechanical  p r o p e r t y  changes were determined by t e n s i l e  and bend tes ts  
onsurve i l l ancemate r i%I ,  I n t e r n a l  stresses were determined by a n a l y z i n g  
t h e  p l a t e  m a t e r i a l  f o r  changes i n  d e n s i t y  and l a t t i c e  p a r a m e t e r s ,  I rnear 
growth,  and gas  c o n t e n t ,  The e x t e r n a l  stress i s  e x e r t e d  as a h y d r a u l i c  
f o r c e  on t h e  p l a t e s ,  which a c t  a s  f low d i v i d e r s ,  
Data s c a t t e r  p reven ted  t h e  p r e c i s e  d e t e r m i n a t i o n  o f  t h e  i n c r e a s e s  in 
t e n s i l e  and bend s t r e n g t h s .  The i n c r e a s e s  appeared t o  b e  i n  t h e  range of  
25-50 p e r c e n t  a t  f l u e n c e s  up t o  9 x 1 0 ~ '  n/cm2 (En > 0.1 Mev) . Transmission 
e l e c t r o n  microscopy showed a d i s l o c a t i o n  loop d e n s i t y  f o r  t h e  p l a t e  mate- 
r i a l  of - 5xlo15/cm3 a t  a f l u e n c e  o f  2,4x:1022 n/crn2 (En > 0 , l  Mevl , Tiie 
hel ium c o n t e n t  f o r  t h e  same material was 11 cm3/grn, The b e r y l l i u m  d e n s i t y  
decreased  - 0.6 p e r c e n t  and t h e  l a t t i c e  pa ramete rs  i n c r e a s e d  0.05 and 0,09 
p e r c e n t  f o r  A0 and 60,  r e s p e c t i v e l y .  The d a t a  i n d i c a t e d  t h a t  the amount 
o f  p l a t e  bow p e r  u n i t  dose  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  mean r e a c t o r  
power l e v e l  and t h e  t o t a l  dose  a t  f a i l u r e  is  i n v e r s e l y  p r o p o r t i o n a l  to rhe 
mean power l e v e l  over  t h e  l i f e  o f  t h e  p l a t e ,  
It i s  shown t h a t  t h e  i n t e r n a l  s t r e s s e s  i n  t h e  p l a t e s  probably  approach 
t h e  t e n s i l e  s t r e n g t h  o f  t h e  m a t e r i a l  and minimal e x t e r n a l  f o r c e s  are re- 
q u i r e d  f o r  p l a t e  f a i l u r e ,  The e f f e c t  o f  f a b r i c a t i o n  t e c h n i q u e  on the lnfe 
of t h e s e  p l a t e s  i s  f e l t  t o  be  minimal ,  
INTRODUCTION 
The NASA Plum Brook Reac to r  (PBR) h a s  s u f f e r e d  s t r u c t u r a l  failure of  
2  b e r y l l i u m  r e f l e c t o r  p l a t e s  i n  i t s  f i r s t  8 y e a r s  of o p e r a t i o n ,  
The replacement  of f a i l e d  r e f l e c t o r  p l a t e  r e p r e s e n t s  a s i g n i i i c a n t  
c o s t  c o n s i s t i n g  o f  r e a c t o r  down t i m e  as w e l l  a s  t h e  procurement c a s t  :: 
t h e  p l a c e s ,  By e v a l u a t i n g  t h e  p a s t  f a i l u r e s ,  we hoped t o  iden t , fy  the ron- 
t r i b u t i n g  f a c t o r s  t o  t h e s e  f a i l u r e s  and whether  t h e y  could  be easrEy elrm- 
h a t e d  or minimized,  
8 I-, i 1  . 
. , 
+ 1' I '  
I _ 4 - 2 -  ' "' !,. ' , -3 , . I. . 8 8 -  ' 8  7 ,  , . , & I : .  . , > # :  ' , ' -  . . #  ' ,  . - . ', 1 .. .- , I  ;;. 
- [ m' . . ., r 1 I ,  > ,, I ,  ; ' T h i s  paper  p r e s e n t s  pre l iminary  eva lua t ion  of t h e s e  f a i l u r e s  i n  terms it :.,, o$ e observed m i c r o s t r u c t u r a l ,  chemical, and mechanical p rope r ty  changes 
of bery l l ium i n  t h e  PBR, t h e  stresses experienced by t h e  p l a t e s ,  and t h e  
ope ra t ing  h i s t o r y  of t h e  r e a c t o r .  A b r i e f  d e s c r i p t i o n  of t h e  r a d i a t i o n  
- 
damage mechanisms i n  bery l l ium w i l l  be presented f i r s t .  The materials and 
t h e i r  environment w i l l  t hen  be  descr ibed  a long  w i t h  t h e  observed m a t e r i a l  
behavior.  An a n a l y s i s  of t h e  p l a t e  material c o n s i s t i n g  of dens i ty ,  l a t t i c e  
parameters, gas content ,  and mic ros t ruc tu re  w i l l  be .presented  followed by a 
summary of mechanical proper ty  changes. F i n a l l y ,  t h e  m a t e r i a l  behavior  w i l l  
be  e v a l u a t e d . i n  terns of t h e  proper ty  changes, t h e  s t r e s s e s  experienced by 
A 
r e a c t o r  ope ra t ing  h i s t o r y .  
* ,,y n , k q w  - , ,  wn B 
- - - 
SYMBOLS ' I 
0, a ,; 
bow of r e f l e c t o r  p l a t e ,  def ined  a& from o r i g i -  
. n a l  p l ane  of t h e  p l a t e  m 
bow pe r  u n i t  equiva len t  dose 
dose 
. equiva len t  dose used t o  compare n o r t h  r e f l e c t o r  p l a t e s  t o  south  
. ref  l e c t o r  p l a t e s  
dose a t  f a i l u r e , .  of . r e f  l e c t o r  p l a t e  
energy of neut ron  
modulus o f . e l a s t i c i t y  
bowing cons tan t  = B ~ / F ~  
fa i lu re . .  ~ o n s t a ~ t  = Df x Fr 
neut ron  
~ 2 , .  . f i r s t  n o r t h  r e f l e c t o r  p l a t e ,  second n o r t h  r e f  l e c t o r  p l a t e ,  . . . 
mean power l e v e l  of t h e  r e a c t o r  
stress 
- "m Sl,S2,.  . . f i r s t  south  r e f l e c t o r  p l a t e ,  second south  r e f l e c t o r " f l w e ,  . . . 
l i n e a r  s t r a i n  
Poisson ' s  r a t i o  
RADIATION DAMAGE MEGIIANISMS IN BERYLLIUM 
Bery l l ium s u f f e r s  two t y p e s  of damage under n e u t r o n  i r r a d ~ a t i o n ,  The 
f i r s t  r e s u l t s  from t h e  d i sp lacement  of l a t t i c e  atoms s t r u c k  by the Anti- 
d e n t  n e u t r o n s .  The second r e s u l t s  from n u c l e a r  r e a c t i o n s  between t h e  Be 
atoms and t h e  i n c i d e n t  n e u t r o n s  forming gaseous  r e a c t i o n  p r o d u c t s ,  A l -  
though t h e s e  p r o c e s s e s  and t h e i r  p r o d u c t s  are d i s t i n c t ,  t h e i r  ulcnrndte e f -  
f e c t s  on t h e  material a r e  s i m i l a r ,  Both r e s u l t  i n  l o s s  o f  m a t e r l a l  t3ugh- 
n e s s ,  m a r e r i a l  growth,  and h i g h  i n t e r n a l  stresses. 
The e x t e n t  and t y p e  of damage o c c u r r i n g  f o r  a g iven  n e u t r o n  fluenee 
i s  dependent on t h e  i r r a d i a t i o n  t empera tu re .  The d i s c u s s i o n  below will 
b e  r e s t r i c t e d  p r i m a r i l y  t o  damage o c c u r r i n g  a t  t h e  PBR ambient. tempera- 
t u r e  of 340 K. 
Formation of D e f l e c t e d  S t r u c t u r e  
Formation of p o i n t  d e f e c t s ,  c l u s t e r s ,  and d i s l o c a t i o n s ,  - A neucron 
p a s s i n g  through t h e  b e r y l l i u m  m a t e r i a l  w i l l  d i s p l a c e  l a t t i c e  atoms keav- 
i n g  i n t e r s t i t i a l  b e r y l l i u m  atoms and vacane ies  ( p o i n t  d e f e c t s )  i n  i t s  
wake, Some d e f e c t  c l u s t e r s ,  m u l t i p l e  v a c a n c i e s  and i n t e r s t r t i a l s ,  may 
a l s o  be  formed, The d i s p l a c e d  b e r y l l i u m  atoms may be  d i s p l a c e d  with 
s u f f i c i e n t  energy t o  cause  similar damage themselves .  To cause  any dam- 
age of t h i s  t y p e ,  t h e  i n c i d e n t  neu t ron  must have enough energy to per -  
manently d i s p l a c e  a t  l e a s t  one b e r y l l i u m  atom, - 25 eV (Ref ,  l j ,  The 
t o t a l  amount 01 damage caused by a  s i n g l e  n e u t r o n  depends,  of course, on 
i t s  i n i t i a l  energy ,  
The p o i n t  d e f e c t s  are mobi le .  As t h e  p o i n t  d e f e c t s  m i g r a t e ,  s e v e r a l  
t h i n g s  happen: v a c a n e i e s  and i n t e r s t i t i a l s  a n n i h i l a t e  each  o t h e r ;  mul- 
t i p l e  v a c a n c i e s  o r  i n t e r s t f t i a l s  (clusters) are formed; and same prsnt 
d e f e c t s  are t r a p p e d  by i m p u r i t y  atoms o r  a n n i h i l a t e d  a t  g r a i n  b ~ u ~ d a r i e s -  
The c l u s t e r s  formed by t h e  m i g r a t i o n  of p o i n t  d e f e c t s  and t h e  p r m -  
a r y  e v e n t  may t h e n  c o l l a p s e  i n t o  d i s l o c a t i o n  l o o p s ,  It i s  these c l u s t e r s  
and l o o p s  t h a t  d r a s t i c a l l y  a f f e c t  t h e  p l a s t i c  p r o p e r t i e s  of i r r s d i a r e d  
m a t e r i a l ,  
Formation and behav ior  o f  gaseous  atoms. - The second t y p e  of danage 
s u f f e r e d  by b e r y l l i u m  i n  a  neu t ron  f l u x  i s  t h e  f o r m a t i o n  of gaseous atoms,  
Although f o u r  d i f f e r e n t  g a s e s  a r e  formed, about  90 p e r c e n t  rs heP;lura-4, 
These atoms are formed by t h e  f o l l o w i n g  n u c l e a r  r e a c t i o n s :  
The helium formed.wil1 occupygeither i n t e r s t i t i a l  p o s i t i o n s  i n  t h e  beryl-  
lium l a t t i c e  o r  t o  a l e s s e r  ex ten t  voids i n . t h e  l a t t i c e .  The presence of 
a helium atom i n  a void decreases..the.probability of a beryllium i n t e r s t i -  
t i a l  being ann ih i l a t ed  by a vacancy.and.thus i n c r e a s e s . t h e  p r o b a b i l i t y  of 
c l u s t e r  formation, 
As  t h e  temperature and gas .concentrat ion .increase, gas bubbles can 
from. These bubbles a r e  probably nucleated by vacancies and vacancy clus-  
ters. However, at  t h e  temperature and gas concentrat ion of concern he re ,  
t h e  formation of bubbles has n o t  been observed. 
Ef fec t s  .of Defected S t ruc tu re  
The defected s t r u e t u r e . c o n s i s t s  of po in t  defects ,  vacanay and i n t e r -  
s t i t i a l  c lus t e r s ,  d i s loca t ions ,  i n t e r s t i t i a l  gas atoms and gas atoms oc- 
cupying l a t t i c e  vacancies. The e f f e c t  of these  de fec t s  on t h e  p roper t i e s  
of beryl l ium a r e  discussed b r i e f l y  below, 
Mater ia l  growth, - Both types of r a d i a t i o n  damage, gas formation and 
atom displacement,  c o n t r i b u t e . t o  t h e  growth of beryl l ium i n  a neutron- f lux .  
An i n t e r s t i t i a l  Be atom.wil1 occupy a volume approaching. that  of a l a t t i c e  
si te.  The co l l apse  of the  l a t t i c e  about t h e  vacancy l e f t  by t h e  B e  atom 
is  r e l a t i v e l y  small.  For a t y p i c a l  metal ,  Thompson.(Ref,.l.) has  est imated 
t h a t  the  co l l apse  about a s p h e r i c a l  void wi th  a r ad ius  of one 8 is  - 0 .1  8. 
More important ly,  he has shown t h a t  t h e  absolu te  va lue  of t h i s  co l l apse  i s  
dependent only on the  shear  modulus of e l a s t i c i t y  and the  su r face  energy 
of the  metal and independent of t h e  void radius .  Thus, a s  void o r  gacancy 
c l u s t e r s  grow, co l l apse  becomes less important,  remaining a t  - 0.1  A on 
t h e  r ad ius  f o r  t h e  t y p i c a l  metal.  
The same arguments given above can be applied t o  i n t e r s t i t i a l  and 
vacancy d i s l o c a t i o n  loops,  Thus, t hese  d i s l o c a t i o n s  a l s o  cause m a t e r i a l  
growth, 
When beryl l ium is transmuted by a neutron,  a t  l e a s t  2 gas atoms a r e  
formed. This w a s  shown i n  t h e  nuclear  r eac t ions  given e a r l i e r .  Although - - 
t h e  bulk of t h e  gas is helium wi th  a small  atomic r a d i u s ,  t h e r e  i s  S t i l l  
a n e t  inc rease  i n  volume. The n e t  inc rease  i n  volume w i l l  depend on t h e  
f r a c t i o n  of gas atoms occupycng the  vacancies,  i n t e r s t i t i a l  p o s i t i o n s ,  
voids and o t h e r  t rapping sites, 
I n t e r n a l  stresses, - Thehe a r e  obviously i n t e r n a l . . s t r e s s e s  present  
i n  t h e  defected s t ruc tu re ,  These r e s u l t  from t h e  col lapse  of t h e  l a t t i c e  
about  v a c a n c i e s ,  vacancy loops  and e lces ters  and s t r e t c h i n g  around rneec-  
s t i t i a l s ,  i n t e r s t i t i a l  loops  and c l u s t e r s ,  They a l s o  r e s u l t  f r o m  t h e  
d i l a t i o n  o f  t h e  l a t t i c e  by t h e  gas  atoms, The s t r e s s e s  a r e  r e l a t e d  to 
t h e  m a t e r i a l  growth by t h e  e l a s t i c  modulus, 
E l a s t i c  p r o p e r t i e s ,  - No e x p e r i m e n t a l  work on t h e  e l a s t i c  p r s p e r -  
t i e s  of i r r a d i a t e d  b e r y l l i u m  h a s  been r e p o r t e d ,  Some work h a s  been d o n e  
on copper (Ref,  2)  which v e r i f i e s  t h e o r y ,  I n i t i a l l y ,  t h e  formarial or 
p o i n t  d e f e c t s  which p i n  d i s l o c a t i o n s  causes  a r a p i d  i n c r e a s e  kn Young's 
modulus, However, t h e  magnitude of t h e  i n c r e a s e  i s  small and t h e  effect 
s a t u r a t e s  r a p i d l y ,  Roth and Haundorf (Ref.  2 )  r e p o r t  t h a t  t h i s  i n c r e a s e  
i s  fol lowed by a d e c r e a s e  i n  modulus f o r  copper  whish t h e y  a s c r i b e  t o  a 
b u l k  e f f e c t ;  i , e , ,  p o i n t  d e f e c t s  changing t h e  i n t e r a t o m i c  f o r c e  cons t an t s  
Although t h e  changes a g a i n  a r e  s m a l l ,  t h e r e  was no i n d i c a t i o n  01 s a r u r d -  
t i o n  of t h i s  e f f e c t ,  The o v e r a l l  changes are probab ly  r e s t r i c t e d  t o  s e v -  
eral  p e r  c e n t ,  
P l a s t i c  f low,  - The mechanisms by which t h e  d e f e c t e d  s t r u c t u r e  
changes t h e  p r o p e r t i e s  of a m a t e r i a l  are n o t  complete ly  unders tood ,  How- 
e v e r ,  t h e  change i n  e l a s t i c  p r o p e r t i e s  i s  g e n e r a l l y  a s c r i b e d  t o  p o i n t  de- 
f e c t s  s i n c e  t h i s  i n v o l v e s  o n l y  smal l  movements ( s e v e r a l  angst roms)  of the 
d i s l o c a t i o n s ,  In c o n t r a s t ,  p l a s t i c  f l o w  r e q u i r e s  l a r g e  movements of  the 
d i s l o c a t i o n s ,  I n  t h i s  c a s e ,  c l u s t e r s  and d i s l o c a t i o n  i n t e r a c t i o n s  are 
f e l t  t o  b e  t h e  pr imary cause  of p r o p e r t y  changes .  
The d u c t i l i t y  o f  b e r y l l i u m  d e c r e a s e s  d u r i n g  i r r a d i a t i o n ,  The amount 
depends on t h e  t y p e  of m a t e r i a l  i r r a d i a t e d  and t h e  t e s t i n g  t e m p e r a t u r e ,  
A compi la t ion  of d a t a  i s  g i v e n  i n  Ref ,  3. For  h o t  p r e s s e d  m a t e r i a l  at 
t h e  t empera tu res  of concern h e r e ,  t h e  d u c t i l i t y  becomes e f f e c t i v e l y  zero 
above a f  l u e n c e  o f  l o 2 1  n/em2 (En 1 , O  Mev) . 
MATERIALS AND BEHAVIOR 
The PBR c o r e  i s  a  9x3 a r r a y  of aluminum c l a d  MTR t y p e  f u e l  e lements  
( F i g ,  I ) ,  Thermal o u t p u t  i s  60 megawatts.  Remavabbe beryllium reflector 
p i e c e s  su r round  t h e  f u e l e d  c o r e  on t h e  n o r t h ,  e a s t ,  and west. s ides  F i v e  
c o n t r o l  r o d s  w i t h  b e r y l l i u m  f o l l o w e r s  are i n  a l t e r n a t e  p o s i t i o n s  w i r h  ehe  
n o r t h  removable r e f l e c t o r  p i e c e s ,  Pour rows of e i g h t  b e r y l l i u m  p l e - e s  
a b u t  Lhe s o u t h  s i d e  of t h e  f u e l e d  c o r e  and a r e  s e p a r a t e d  from cbe c x e  by 
a 2 ,54  c e n t i m e t e r  t h i c k  9 1  eentnmeter  by 104 c e n t i m e t e r  b e r y l l i u m  p l a c e  
( s o u t h  p l a t e ) .  A  s i m i l a r  p l a t e  ( n o r t h  p l a t e )  ferms t h e  no r th  s i d e  sf rhe 
c o r e  b o x ,  o u t s i d e  t h e  removable b e r y l l i u m  p i e c e s ,  The c o o l i n g  water 
f lows  up th rough  t h e  r e f l e c t o r  on t h e  f i r s t  p a s s ,  Then i t  f lows down 
through t h e  f u e l ,  The b e r y l l i u m  p l a t e s  s e l v e  as b a r r i e r s  f o r  t h e  p r i m a r y  
c o o l i n g  w a t e r  (PCW) f low,  The p l a t e s  have 0.635 c e n t i m e t e r  d iamerrr  v e t -  
t i c a l  h o l e s  on 1 , 2 7  c e n t i m e t e r  c e n t e r s  bored comple te ly  through the in  I 3 
p r o v i d e  a d d i t i o n a l  c o o l i n g ,  
Three nareh p l a t e s  and 3 s o u t h  p l a t e s  have been used i n  t h e  r e a c t o r  
t o  d a t e ,  All have bowed toward t h e  c o r e .  The f i r s t  2  s o u t h  p l a t e s  
f a i l e d  a r t e r  d a f f e r e n t  p e r i o d s  of o p e r a t i o n ,  The t h i r d  n o r t h  and s o u t h  
p l a t e s  a r c  now i n  u s e ,  
M a t e r i a l  P e d i g r e e  
The f i rs t  n o r t h  and s o u t h  p l a t e s  were f a b r i c a t e d  from Brush Bery l l ium 
ho t -p ressed  block, The second and t h i r d  p l a t e s  were f a b r i c a t e d  from 
Berylco HP-12 ?rot p r e s s e d  b l o c k  under  t h e  same b a s i c  s p e c i f i c a t i o n s  a s  t h e  
f i r s t  plates, The second s o u t h  p l a t e  was a t y p i c a l  i n  t h a t  i t  was r o l l e d  
from 4,45 c e n t m e t e r s  to 3.18 c e n t i m e t e r s  i n  t h i c k n e s s  a t  1090 K.  The 
p l a t e  was then  annealed a t  1090 K and machined t o  f i n a l  s i z e ,  
Table  S g l v e s  a  t y p i c a l  a n a l y s i s  from t h e  m a n u f a c t u r e r ' s  q u a l i t y  con- 
t r o l  reporr f o r  t h e  second and t h i r d  p l a t e  m a t e r i a l ,  No similar d a t a  are 
available f o r  t h e  f ~ r s t  p l a t e s ,  
Environment 
The s i g n i f i c a n t  env i ronmenta l  pa ramete rs  f o r  t h e  f a i l e d  p l a t e s  a r e  
g i v e n  i n  Table 11, A d e t a i l e d  n e u t r o n  spectrum is g i v e n  i n  t h e  appendix.  
The n e u t r o n  f l u x e s  on t h e  two p l a t e s  a r e  nominal ly  unchanged from one 
p l a t e  to a n o t h e r ,  However, t h e  rate of dose  accumulat ion averaged o v e r  
the l i f e  of t h e  p l a t e s  is  g r e a t e r  f o r  t h e  second and s t i l l  g r e a t e r  f o r  
t h e  t h i r d  p l a t e ,  Th i s  is  due t o  d i f f e r e n t  r e a c t o r  o p e r a t i n g  h i s t o r y  dur-  
i n g  t h e  L i f e  of t h e  p l a t e s ,  
As raentisned b e f o r e ,  t h e  p l a t e s  a c t  as f low d i v i d e r s  i n  t h e  r e a c t o r  
c o r e ,  P l o w  o f  t h e  PCW i s  up through t h e  r e f l e e t o r  s e c t i o n  and down 
through t h e  c o r e ,  Th i s  r e s u l t s  i n  an  approximate  2-76x105 ~ / m ~  Load a t  
the bot tom of t h e  p l a t e  a p p l i e d  i n  t h e  d i r e c t i o n  of t h e  e o r e ,  T h i s  l o a d  
d e c r e a s e s  to e s s e n t i a l l y  z e r o  a t  t h e  t o p  of t h e  p l a t e ,  
The f i r s t  p l a t e s  were b o l t e d  i n  channe l s  a t  t h e  bottom and s i d e s .  
Subsequent p l a t e s  were b o l t e d  a t  t h e  s i d e s  on ly .  The top  of t h e  p l a t e s  
r e s t  against t h e  s i d e  of t h e  c o r e  g r i d  (Fig .  1 ) .  (During a l a r g e  p o r t i o n  
o f  t h e  o p e r a r r n g  t ime of  t h e  second s o u t h  p l a t e ,  a d i f f e r e n t  e o r e  g r i d  
was used which  a l lowed a 0 ,05  c e n t i m e t e r  gap between t h e  t o p  of t h e  s o u t h  
p l a t e  and t h e  g r i d  p r i o r  t o  any p l a t e  bowing,)  The f i r s t  p l a t e s  f i t  i n  
t h e  channe l s  w ~ t h  minimal t o l e r a n c e s .  The second and t h i r d  p l a t e s  were 
cut back 0 ,065 c e n t i m e t e r s  on each s i d e  and t h e  botcom and reduced 0.0125 
c e n t i m e t e r s  i n  t h i c k n e s s  w i t h i n  t h e  channe l s  t o  a l l o w  f o r  material 
growth, 
Mat ear li al  Eehas~ ior  
A 4 1  b e r y l l i u m  i n  t h e  PBR h a s  bowed toward t h e  h i g h e r  f l u x  r e g i o n s ,  
An e a r l i e r  r ev iew and c o r r e c t i v e  a c t i o n s  n e c e s s a r y  were  p r e s e n t e d  by 
Fecycb (Ref. 4 1 ,  Only &he n o r t h  and s o u ~ h  p la tes  will be  di .s ,ussed h e r e ,  
Table  111 summarizes t h e  bowing and f a i l u r e  d a t a  f o r  t h e  3 north 
and 3  s o u t h  p l a t e s ,  The f i r s t  s o u t h  p l a t e  ( S l )  f a i l e d  a f t e r  35,256 mega- 
w a t t  days  of o p e r a t i o n  and t h e  second s o u t h  p l a t e  (S2) failed after 
23,223 megawatt days ( P i g ,  21, One megawatt day i s  e q u i v a l e n t  t o  6,5x10 17 
n/cm2 (En > 0 , l  Mev) peak f l u e n e e  on t h e  s o u t h  p l a t e s  and l , 3 x 1 0 ' ~  n/cm 2 
peak f l u e n c e  on t h e  n o r t h  p l a t e s .  
It is i n t e r e s t i n g  t o  n o t e  t h a t  t h e  bow p e r  u n i t  dose  Bd is  d n f f e r -  
e n t  even f o r  i d e n t i c a l  m a t e r i a l s  and f a b r i c a k i o n  (N2 and N 3 8 ,  F u ~ t h e r ,  
Bd appears  t o  b e  l a r g e r  a t  t h e  lower  doses  (compare t h e  two s e r s  S C P  
measurements f o r  N 3  and S3).  
ANALYSIS OF FAILED PLATES 
A f t e r  t h e  f a i l e d  p l a t e s  were removed from the  r e a c t o x ,  t hey  w e r e  
t a k e n  t o  t h e  PBR Hot Labora to ry  f o r  examina t ion ,  The wid th  o f  the first 
p l a t e ,  S I ,  was measured a s  a f u n c t i o n  of r h e  d i s t a n c e  from the top s f  the 
p l a t e .  The w i d t h  a t  t h e  c o r e  h o r i z o n t a l  c e n t e r l i n e  was 8 , l O  centmeters 
g r e a t e r  t h a n  a t  t h e  t o p  of t h e  p l a t e ,  Th i s  cor responds  t o  a O,%L p e r c e n t  
l i n e a r  s t r a i n ,  The w i d t h  of t h e  second p l a t e ,  S2, was noD measured since 
f r a c t u r e s  were  p r e s e n t  i n  t h e  v e r t i c a l  p l a n e s ,  
The p l a t e s  had a n  a d h e r e n t  g ray  c o a t i n g  on t h e i r  s u t f a c e s ,  From 
x-ray d i f f r a c t i o n  and emiss ion  s p e c t z o g r a p h i e  a n a l y s e s ,  i t  was de te rmined  
t o  b e  an aluminum o x i d e  c o n f d f a i n g  a small peuc e n t a g e  of bery l l i i ,m  t*xFde, 
Samples of the p l a t e  m a t e r i a l  were  t a k e n  f o r  more de ta r lec !  exanl-na- 
t i o n ,  The sample l o c a t i o n s  are shown i n  P i g ,  2, The samples were re -  
moved w i t h  diamond t i p  care d r i l l s ,  u s i n g  w a t e r  as a coolant, The specr- 
mens were e x m i n e d  for d e n s i t y ,  s w e l l i n g  t h r e s h o l d ,  l a t t i c e  paranerers, 
gas  c o n t e n t ,  and m i c r o s t r u c t u r e ,  
Tes & Descriptions 
The samples were  e t c h e d  w i t h  a HN03-HF m i x t u r e  p r i o r  to testing t~ 
remove t h e  oxide l a y e r  f rom t h e  e n d s ,  A l l  t e s t i n g  was performed at t h e  
PBR e x c e p t  f o r  t h e  t r a n s m i s s i o n  e l e c t r o n  microscopy,  
Densi ty  and sweELing t h r e s h o l d ,  - Dens i ty  d e t e r m i n a t i o n s  were made 
by t h e  immersion method. Weights were determined i n  a i r  and  r a r b o n  
t e t r a c h l o r i d e  w i t h  a n  a n a l p t i e a l  b a l a n c e ,  The wet measurements weve per -  
formed i n  a secondary e n c l o s u r e  t o  minlmize t empera tu re  variatrons oi the 
bath .  The b a t h  temperature .was determined .with a thermocouple c a l i b r a t e d  
a g a i n s t  a s tandard  mercury thermometer. 
The swe l l i ng  th re sho ld  w a s  determined by anneal ing specimens f o r  24 
hours  a t  va r ious  temperatures i n  argon and redetermining t h e i r  dens i ty .  
This  was done f o r  p l a t e  S1 m a t e r i a l  only.  
L a t t i c e  parameters . . -  L a t t i c e  parameters were measured us ing  s tand-  
a r d  X-ray techniques .wl th  a back r e f l e c t i o n  camera. The l i n e s  on t h e  f i l m  
were scanned wi th  a double beam scanning inicrodensitometer t o  c o r r e c t  f o r  
any d e n s i t y  v a r i a t i o n s  ac ros s  t h e  width of t h e  l i n e .  A l l  dens i ty  d i s t r i  - 
b u t i ~ n s  were guassian and co r rec t ions  were n o t  necessary.  The l i n e s  used 
were : 
Angle P lane  . Radia t ion  
The method descr ibed  on page 511 of Mirkin (Ref. .5) was used t o  c a l c u l a t e  
Ag and 60. The fina1,values of Ag. and Co .were determined t o  
k0.00025 A and k0.0001 A, r e spec t ive ly .  
Gas content .  - The helium and tritium. content  of t h e  m a t e r i a l  was 
determined by hea t ing  and/or.mel.ting samples . in  a vacuum.and measuring 
t h e  gases  evolved wi th  a gas.chromatograph system. I Contamination-prevented 
t h e  de te rmina t ion  of hydrogen content .  
Most samples were hea ted  t o  1473 K, cooled, rehea ted  t o  1473 K ,  
cooled, and then  melted a t  1773 K. Gases evolved during each cyc le  were 
measured. A l l  of t h e  t r i t i u m  was evolved during t h e  f i r s t  hea t ing  cyc le .  
About 90 percent  of t h e  helium w a s  evolved d u r i n g - t h e  two hea t ing  cyc les .  
Severa l  samples were melted d i r e c t l y .  There was no d a t a  o f f s e t  apparent  
between the  two methods. P : 
Micros t ruc ture . . -  Samples-of bo th  i r r a d i a t e d - m a t e r i a l s  were examined 
by s tandard  meta l lographic  techniques and t r ansmis s ion . e l ec t ron  micro- 
scopy (TEM). 
The meta l lographic  samples were mechanically pol i shed  and then  
etched w i t h  a 911 mixture of e thanol /hydrof luor ic  a c i d .  The TEM examin- 
a t i o n s  were performed and eva lua ted  by S. H. Gel les  of Battelle Memorial 
I n s t i t u t e .  
R e s u l t s  And Discussson 
The r e s u l t s  of t h e  t e s t i n g  an t h e  p l a t e  m a t e r i a l  are given f i r  
Tab le  I V .  Dosimetry d e t a i l s  a r e  g l v e n  i n  t h e  appendix,  
Dens i ty  and 4 a t k i c e  p a r a m e t e r s ,  - The changes rn d e n s i t y  and Lattrce 
paramete rs  must be  determined by canlparing t h e  d a t a  f o r  spea-imens nE Low 
f l u e n c e  t o  those  of hxgh f luenee ,  Th is  i s  necessa ry  s i n c e  no contr~l 
m a t e r i a l  i s  a v a i l a b l e  Eon p l a t e  S 1  and t h e  c o n t r o l  m a t e x i d l  avarlable 
f o r  p l a t e  52 h a s  been mat-hfned ~ n t o  nechanncal t e s t  specimens,  She 
added f a b r i c a t i o n  h i s t o s y  could  alter t h e s e  p r o p e r t i e s .  
The d a t a  p r e s e n t  a c o n s i s t e n t  p i c t u r e  of m a c e r i a l  growth acron~panied 
by a n  i n c r e a s e  i n  l a t t i c e  s t r a i n ,  The m a r e r i a l  from p l a t e  SZ a p p e a r s  
t o  have a lesser change i n  r h e s e  p r o p e r t i e s  p t r  uniD f l u e n e e  t h d n  p l a t e  
S l ,  Th i s  could  be due a t  least i n  p a r t  t o  t h e  u n e e r t a i n t ~ e s  ~1 i h c  
f l u e n c e s  and d a t a ,  
The s w e l l i n g  t h r e s h o l d  f o r  p l a t e  SP material i s  shown i n  F i g "  3,  
The t h r e s h o l d  o c c u r r s  a t  about  730 K-and b r e a k m a y  s w e l l i n g  at abc,r 938 R, 
Gas c o n t e n t ,  - The helfum e o n r e n t  p e r  u n i t  f a s t  f l u e n c e  f o r  plate S1 
i s  q u i t e  c o n s i s t e n t  a t  about  4,4-4 ,8x10-22  ~ r n 3 / ~ r a m ,  Th is  a g r e e s  we1 l 
w i t h  d a t a  r e p o r t e d  i n  Ref ,  3,  The daca  f o r  p 9 a t e  S2 i s  no t  as c e n s l s -  
t e n t  w i t h i n  i t s e l f  a t  2 , 3 - 4 , ~ x l 0 - 2 2  cm3%gram p e r  u n i t  f l u e n c e  and does  no t  
a g r e e  w e l l  w i t h  t h e  d a t a  from p l a t e  S l ,  Th i s  rs probab ly  due t o  the  f l a t -  
t e n i n g  o f  t h e  h o r i z o n t a l  f a s t  f l u x  p r o f i l e  a c r o s s  t h e  c o r e  ( s e e  appendix), 
No c o r r e c t i o n  f o r  t h i s  was made when e s t i m a t i n g  t h e  f l u e n c e s  f o r  p l a t e  S2, 
But ,  t h e  p r o d u c t i o n  r a t e  i n  p l a t e  S2 c e r t a i n l y  d i d  n o t  exceed that i q  
p l a t e  S 1 .  
The t r i t i u m  t o  he7 ium r a t i o s ,  though somewhat s c a t t e r e d ,  reason- 
a b l y  c o n s i s t e n t  f o r  both p l a t e s  and agree w i t h  chose  r e p o r t e d  za ReT, 3 ,  
M i c r o s t r u a t u r e ,  - T y p i c a l  photomicrographs s f  i r r a d i a t e d  p l a t e  mate- 
r i a l  are shown i n  P i g ,  4 ,  The r a n g e  of g r a i n  s i z e s  appear  t o  be about 
t h e  same f o r  t h e  two m a z e r i a l s ,  However, &he p r o p o r t i o n  o f  s n ~ a k l e r  g r a i n s  
a p p e a r s  somewhat h i g h e r  f o r  t h e  m a t e r l a l  from p l a t e  S2. 
The t r a n s m i s s i o n  e l e c t r o n  micrographs  ( P i g s ,  5 and 6 )  show an In-  
c r e a s i n g l y  d e f e c t e d  s t r u c t u r e  w i t h  i n c r e a s i n g  f l u e n c e ,  The disloc~&iun 
l o o p  d e n s i t i e s  g iven i n  Table  LV are very approximate  s 4 n s e  the  density 
varies c o n s i d e r a b l y  w i t h i n  a  s m a l l  a r e a .  The complexi ty  of the  dislcia- 
t i o n  s t r u c t u r e  i s  shown i n  F i g ,  7 .  F i g u r e  ? ( a )  shows examples ak h e l i x e s ,  
bowed and jogged d i s l o c a t t s n s  and dislecations pinned by loops, F i g u r e  l ( b )  
shows i n  more d e t a i l  t h e  i n t e r a c t i o n s  between d r s l o c a t i s n s  and l o o p s  and 
p i n n i n g  of l a r g e r l o o p s b y  s m a l l  o n e s ,  
ANALYSIS OF SURVEILLANCE SPECIMENS 
A survei l lance  program has been maintined f o r  t h e  beryllium used i n  
the  PBR. Unfortunately, no test f a c i l i t i e s  a r e  ava i l ab le  i n  the  reac to r  
t h a t  have f luxes  equal t o  o r  g rea te r  than t h a t  experienced by t h e  south 
Be p l a t e .  Thus, t h e  survei l lance  da ta  i s  a f t e r  the  f a c t .  The da ta  does, 
however, help i n  the  evaluation of the  behavior of Be i n  t h e  reac to r .  
The survei l lance  program cons i s t s  of i r r a d i a t i n g  t e n s i l e  and bend 
(rod) specimens of t h e  subject  ma te r i a l  t o  various f luences and measuring 
t h e  post - i r radia t ion p roper t i e s ,  The proper t ies  measured a r e  u l t imate  
t e n s i l e  s t r eng th ,  load a t  f r a c t u r e  f o r  bend specimens, densi ty  and hard- 
ness. 
Test Description 
The specimens a r e  i r r a d i a t e d  i n  the  PBR i n  contact  w i t h . t h e  primary 
cooling water. Nominal specimen centexline temperafuze-during i r r a d i a -  
t i o n  is  335-355 K. 
I 
I a -  - , ~ a c h  test cons i s t s  of 3 t e n s i l e  and 3 bend specimens. A group of 
con t ro l  t e n s i l e  and bend specimens a r e  t e s t e d  t o  obta in  average pre- 
i r r a d i a t i o n  data.  Several controls  a r e  then run with each post - i r radia t ion 
test t o  assure  the re  a re  no da ta  o f f s e t s  between tests. 
Specimens f o r  tests 2-4 (Table V) of p l a t e  S1 were t e s t e d  a s  removed, 
from the  reactor .  The specimens had an adherent deposit  of aluminum and 
beryllium oxides on them. Pr io r  t o - t e s t i n g  specimens f o r  tests 5 and x 
f o r  p l a t e  S1 and t e s t s  l . a n d  2 f o r  p l a t e  S2, the  specimens were etched 
with a HN03-HF mixture t o  remove these  deposits .  
Tensi le  and bend tests, - The t e n s i l e  and bend tests were run on a 
4500 kilogram t e s t  machine, The crosshead speed f o r  t h e  t e n s i l e  t e s t s  
was 0.5 centimeter per  minute. The bend test consisted of 3 point  loading. 
The test was run with a crosshead speed of 0.05 centimeters per minute. 
Density and hardness. - The densi ty  and hardness were determined f o r  
each t e n s i l e  specimen before and a f t e r  i r r a d i a t i o n .  Densi t ies  were deter-  
mined by t h e  i k e r s i o n  method using carbon t e t rach lo r ide .  Two independe~t  
densi ty determinations were made i n  each case. Three indentat ions were 
made f o r  each hardness determination, Post i r r a d i a t i o n  measurements were 
made on unetched specimens f o r  t e s t s  2-4 of p l a t e  S l  and on etched spec- 
imens f o r  t h e  remainder. 
Results 
The r e s u l t s  of the  survei l lance  r e s t i n g  a r e  g iven . in  Table V. Dosim- 
e t r y  d e t a i l s  a r e  given i n  t h e  appendix, 
P e s t  i r r a d i a r i o n  m e c h a n ~ c a l  t e s t  r e s u l t s  are g iven  as max;rnm-n and 
minimum v a l u e s  o b t a i n e d ,  T h i s  is  n e c e s s a r y  because  of t h e  d a t a  s c d s t e r ,  
The u n c e r t a i n t f e s  shown for rhe  d e n s i t y  changes i s  t h e  e s t i m a t e d  s sandard  
d e v i a t i o n ,  Th is  was o b t a i n e d  by conserva t iveEy  assumrng a s t a n d a r d  devf-  
a t f o n  o f  B . 5  m i l l i g r a m  for t h e  weight  d e F e m i n a t i o n s  and k 3 . O  K TO' c ? ~ -  
t e m i n i n g  t h e  temperacure  of t h e  l i q u i d ,  The d u p l i c a t e  d e n s i t y  determ- 
i n a t i o n s  seldom differed by more rhan one ~ ~ / r n 3  and never more khan 
2  ~ ~ / m ~ ,  
D i s c u s s i o n  
Of pr imary s i g n r f i a a n c e  i s  t h e  s c a t t e r  in t h e  mechanical  tes t  re- 
s u l t s  f o r  t h e  i r r a d f a t e d  specimens,  Primdry ia2twrs Beading t o  s c a t t e r  
of t h i s  t y p e  a r e  m a t e r i a l  Tntegx-i ty s f  the ind lv iduak  specimens,  s p e c i -  
men c o n d i t i o n ,  and for khe ~enslae t e s t s ,  a x ~ a l l t y  OF loading, Material 
i n t e g r i t y  i s  d e f i n e d  a s  r h e  i n t e r n a l  c o n d i t i o n  of t h e  m a t e r r a l ;  ~ , e , ,  
l a c k  of f l a w s  r e s u l t i n g  from Pabrxcatrsn, Specimen c o n d ~ t i o n  is dekined 
a s  s u r f a c e  i n t e g r i t y ;  i , e , ,  ehe p resence  o r  lack of mi.crucrar-ks 6% 
n o t c h e s ,  A x i a l i t y  of  l o a d i n g  i s  d e f i n e d  as the u n i f o r m i t y  of the stress 
d i s t r i b u t i o n  o v e r  t h e  specimen c r o s s  s e c t i o n  normal to t h e  plane of Load- 
i n g .  Refs ,  6 through 8 d i s c u s s  t h e  e f f e z t  of  t h e s e  f a c t o r s  on t h e  meas- 
ured  p r o p e r t i e s  of b r l e t  ke m a t e r i a l s ,  
E x t r a  c a r e  was t a k e n  wich t h e  t e n s i l e  t e s r i n g  of rests 5 and X 
f o r  p l a t e  S 1  and tests I and 2  f o r  p l a t e  S2 Specimens were carefully 
examined a f t e r  e e t h i n g  t o  a s s u r e  no v i s i b l e  s u r f a c e  f ldws  were present, 
The a x i a l i t y  o f  t e n s i l e  l o a d l n g  was a l s o  cheeked, This was done by p l a ~  
i n g  4 s t r a i n  gages %e 90" i n b e r v a l s  around t h e  gage s e e t r o n  s f  a 11-7 PH 
s t a i n l e s s  steel t e n s i l e  s p e c h e n  of t h e  same d e s i g n  as t h e  p l a t e  SI 
specimens,  The s p e c i m e ~  was t h e n  p u l l e d  i n  kenston and t h e  s t ram ac 
each of t h e  4 po lnbs  were c z m p a ~ c d ~  V , c l d t P o n  w a s  I ~ S S  t h a n  3 per t  e n r  
which i s  w i t h i n  t h e  r e e o m e a d d s i o n s  05 Ref, 9 ,  
N u l t i p l e  f a i l u r e s  were Erequenr-a The f a i l u r e  mode was both inter- 
g r a n u l a r  and t r a n s g r a n u l a r ,  
There  was a  d i s t i n c t  d e e r c a s e  i n  d e n s i c y  observed f o r  specimens i n  
t e s t  5  and test  X f o r  p l a t e  S l ,  The d e c r e a s e  f o r  test X seems somewhat 
l a r g e  compared b o  r e s t  5 ,  However, c o n s i d e r i n g  eke u n e e r h a i n t )  rn iluences 
and d e n s i t y  changes ,  they are n D t  comple te ly  out  of P i n e ,  
The r e s u l t s  of t h e  s u r v e i l l a n c e  testing may be  summarized brietly as 
f o l l o w s  : 
1. A d e c r e a s e  i n  d e n s i t y  IS o b s e r v ~ d  a t  f l u e n e e s  i n  excess of 
5 x 1 0 ~ 1  nlcm2 (E, 0.1 ~ e v )  . 
2, The t r u e  t e n s i l e  s t r e n g t h  of the m a t e r i a l  i n c r e a s e s  with i z r a d l -  
a t i o n  t o  l e v e l s  In e x c e s s  of 4,4x108 N I K L ~ ,  However, t h e  m a t e r i a l  becomes 
so sensrtlve to Localized s t r e s s  concent ra t ions  t h a &  the  p r a c t i c a l  o r  us- 
able u l t i m a t e  t e n s i l e  s t r e n g t h  may decrease  t o  l e v e l s  a s  low a s  
1,2x10~ ~ ~ r n ' ~  
3- The Sl and S2 m a t e r i a l  do not show s i g n i f i c a n t  d i f f e r ences  i n  
response 6 6  ~ r c a d i a t i o n ,  
EVALUATION OF RESULTS 
A prelimxnary eva lua t ion  of r e s u l t s  w i l l  be conducted under t h r e e  
t o p i c s ;  m a t e r ~ a l  p r o p e r t i e s ,  m a t e r i a l  s t a t e ,  and paramet r ic  a n a l y s i s .  A 
more thorough a n a l y s i s  i s  c u r r e n t l y  being performed, The m a t e r i a l  prop- 
e r t i e s  will be i n f e r r e d  from t h e  s u r v e t l l a n c e  t e s t i n g  d a t a ,  The m a t e r i a l  
s t a t e  w i l l  be assessed  from the  ana lyses  on t h e  p l a t e  m a t e r i a l  and oper- 
a t i n g  s t r e s s e s ,  The paramet r ic  a n a l y s i s  w i l l  eva lua t e  t h e  p l a t e  bowing 
and f a i l u r e s  in terms of t h e  two parameters ,  p l a t e  f a b r i c a t i o n ,  and r e -  
a c t o r  operating h i s t o r y ,  
- One may i n f e r  from Table V t h a t  t he  t e n s i l e  
and bend s t r e n g t h s  do i n c r e a s e  with i r r a d i a t i o n ,  However, one may 
f u r t h e r  i n f e r  t h a t  the p r a c t i c a l  o r  usable s t r e n g ~ h  f o r  e x t e r n a l l y  appl ied  
s t r e s s e s  of the  mare r i a l  w i l l  decrease ,  This  decrease  i n  p r a c t i c a l  
s t r e n g t h  1s a r e s u l t  of extreme embri t t lement  eausing increased  notch and 
impact sensf  t i v i t y  (Ref. 10)  , 
The apparent  r educ t ion  i n  t e n s i l e  s t r e n g t h  i n  t e s t  X may no t  be due 
e n t i r e l y  t o  t e s t i n g  parameters and specimen condi t ion ,  Although no gas 
bubbles were observed i n  t h e  i r r a d i a t e d  p l a t e  m a t e r i a l ,  i t  i s  p o s s i b l e  
chat  very  small  bubbles may be nuc lea t ing  i n  t h e  g r a i n  boundaries (Ref. 1 0 ) .  
This would r e s u l t  i n  t he  weakening of t h e s e  g r a i n  boundaries ,  
There i s  one o t h e r  p o t e n t i a l  g r a i n  boundary weakening mechanism f o r  
the  p l a t e  m a t e r i a l ,  The adherent  oxide coa t ing  could r e a c t  me ta l lu rg i -  
cally with the base m a t e r i a l  weaking t h e  g r a i n  boundaries a t  t he  su r f ace .  
Since rhe s t r e s s e s  w i l l  be maximum on the  convex s i d e  of she  bowed p l a t e ,  
cracks could be i n i t i a t e d  a t  t hese  weakened I.ocatlons. Since the  mate- 
rzal bas no  mechanism f o r  r e l i e v i n g  t h e  s t r e s s  concen t r a t ions ,  t h e  cracks 
would propagate r a p i d l y  eausing p l a t e  f r aekure .  
I n  summary, t he  m a t e r i a l  has become extremely embr i t t l ed  and sens i -  
t i v e  t o  s t r e s s  concent ra t ions .  Fu r the r ,  two p o t e n t i a l  mechanisms e x i s t  
f o r  g r a i n  boundary weakening, p re sen t ing  s i t e s  f o r  crack i n i t i a t i o n .  
Ma te r i a l  s t a t e .  - It i s  apparent  from t h e  information presented  
p rev ious ly  cha t  th; p l a t e s  a r e  i n  a  s t a t e  of cons iderable  i n t e r n a l  s t r e s s .  
The internal s t r e s s e s  r e s u l t  from t h e  gas and d i s l o c a t i o n  formation i n  t he  
p l a t e ,  ,!m e x t e r n a l  fo rce  i s  a l s o  p re sen t  due t o  t h e  p re s su re  drop of t h e  
PCW as  i t  flows around t h e  p l a t e ,  
The i n t e r n a l  s t r a i n  caused by t h e  g a s  i n  t h e  bcryPlium mdtc1.x may 
e s t i m a t e d  by u s i n g  an atom radius of one angstrom and assarning t h ~ >  
py predominant ly  & n L - e r s t i t i a l  pss- i t ioas  i n  t h e  b e r y l l i u m  I s r t u c e ,  
i s  r e a s o n a b l y  c o n s e r v a t i v e  s i n c e  i t  i g n o r e s  bond e f f e c t s  and atom 
u l s i o n ,  Using t h e  data f c r  p l a t e  S$ ,  t h e  a t a n i c  va$l*me o f  he929ra 
c u b i c  c e n t i m e t e r  sf b e r y l l i u m  i s  Z , X X P O - ~  c u b i c  c e n t i m e t e r s -  This 
responds t o  a Llnear  srrdln of 0 ,07  p e r c e n t ,  
S, H, GelSes of Battell-e Memorial I n s t i t u t e  h a s  e s t i m a t e d  the 
l i n e a r  s t r a i n  due t o  t h e  drslocaefsns a t  about  0 , 0 3  p e r c e n t ,  Thus, the 
t o t a l  c a l c u l a t e d  s t r a i n  is  about  O , I  p e r c e n t ,  T h i s  compares q u i t e  w e l l  
w i t h  t h e  measured growth i n  w i d t h  of p l a t e  number B of O e l l  p e r c e n t ,  
The d e n s i t y  d e c r e a s e  i n d i c a t e s  a l i n e a r  s t r a i n  of 0 , 2  p e r c e n t  and rhe  
Paiztice pa ramete rs  a  s t r d i n  sT 0,05 and 0 ,09  p e r c e n t  f o r  A0 and  60, 
r e s p e c t i v e l y  , 
Knowing t h e  internal strain, t h e  i n t e r n a l  s t r e s s e s  may be  cal.cu- 
l a t e d .  S i n c e  t h e s e  s t r e s s e s  are tl-ia.zkiaB, t h e  foblownwg f o r m u l a  must 
be used (Ref,  P I )  : 
S = stress 
= l i n e a r  s t r a i n ,  assumed e q u a l  i n  a14 d i r e e t f a a s  
LI = PoSsssn"s satii) . 0,2@, dssumed e q u a l  l a  all d i r e c t i o n s  
Using a nominal l i n e a r  strain of 0 , I  p e s e e n t ,  t h e  i n t e r n a l  stress 
a l o n g  a g iven  a x i s  i s  c a l c u l a t e d  t o  b e  4,6x108 ~ / r n % ,  
To compare thTs value t o  the medsored r e n s i E e  s t r e n g t h  of the  sur-  
v e i l l a n c e  material, one must f i r s t  c o r r e c t  t h e  surverBPance d a t s  to en- 
c r u d e  t h e  i n t e r n a l  s t r e s s e s ,  Since t h e  i n t e r n a l  s t r e s s  i s  p r o p z r c i o n d l  
to t h e  f l u e n c e ,  t h e  i n t e r n a l  stress for hpeeimens o f  test 5 i s  
Adding t h i s  v a l u e  t o  rhe  maximum e x t e r n a l l y  a p p l i e d  stress t o  f a i l u r e ,  
une o b t a i n s  a c o r r e c t e d  t e n s l l e  s t r e n g t h  o r  
which does  n o t  g r e a t l y  exceed t h e  in te rna l  stress of 4,6x108 FT/ra2 cf ST 
Thus, ex te rna l  stresses required f o r  f a i l u r e  a r e  r e l a t i v e l y  small, 
Attempts t o  ca lcu la te  the  t e n s i l e  s t r e s s e s  i n  the  p l a t e  due t o  the  
hydraulic load have been f r u s t r a t e d  by the  l a rge  number of unknowns. 
However, the makim~m tens i le  stresses on the core face of the plate  
have been estimated atj"1.4~108 ~ / n ~ .  This i s  a lso the location of maximum 
i n t e r n a l  stress, . I  
One may summarize by s t a t i n g  t h a t  the i n t e r n a l  stresses i n  the  p l a t e  
approach the  measured t e n s i l e  s t r eng th  of the  mate r i a l  and the  external  
forces  required t o  i n i t i a t e  f a i l u r e ,  a r e  small. 
Parametric analys is .  - There remains one s i g n i f i c a n t  i tem t o  be 
evaluated. The p l a t e s  bowed a t  d i f f e r e n t  r a t e s  per  u n i t  fluence and 
f a i l u r e s  occurred at  s i g n i f i c a n t l y  d i f f e r e n t  t o t a l  f luenees . .  This leads  
one t o  a parametric ana lys i s ,  There a r e  only two d i s t i n c t  parameters 
which may be evaluated: mean reac to r  power l e v e l  and p l a t e  mater ia ls  
apd fabr ica t ion ,  P l a t e  mate r i a l s  and fabr ica t ion  w i l l . b e  evaluated f i r s t .  
Materials and fabr ica t ion :  A s  mentioned e a r l i e r ,  the  mate r i a l s  f o r  
a l l  t h e  p l a t e s  were purchased under the  same bas ic  spec i f i ca t ions .  And 
except f o r  p l a t e  S2, a l l  p l a t e s  were f a b r i c a t e d - i n  the  same manner. 
One would expect then, t h a t  the re  would be minimal mechanical property 
d i f ferences  between the  p l a t e s .  The t e s t i n g  of con t ro l  survei l lance  
mater ia l  supports t h i s  assumption. The bend and t e n s i l e  s t r eng ths  a r e  
e s s e n t i a l l y  the  same, 
As  s t a t e d  e a r l i e r ,  p l a t e  52 was r o l l e d  t o  approximately 30,percent  
reduction i n  thickness. This r e s u l t s  i n  a s l i g h t l y  preferred  o r ien ta t ion  
of the  beryllium c r y s t a l s  i n  the  p l a t e ,  Since the  p roper t i e s  of beryl- 
l i u m  are non-isotropic t h i s  w i l l  a f f e c t  the  d i r e c t i o n a l  p roper t i e s  of the  
mater ia l .  Gelles and Rudnich (Ref. 13) have s tudied the  e f f e c t  of pre- 
f e r red  o r ien ta t ion  on the  b i a x i a l  p roper t i e s  of beryllium, Their con- 
clusions based on the l imi ted  information ava i l ab le  were t h a t  f o r  optimum 
s t reng th  and d u c t i l i t y  under b i a x i a l  s t r e s s  condit ions,  a  f i n e  g ra in  s i z e  
mate r i a l  of intermediate t ex tu re  be chosen. Texture here  means degree of 
preferred  o r ien ta t ion .  Based on t h i s  information, p l a t e  S2 should have 
had more des i rab le  proper t ies  f o r  b i a x i a l  s t r e s s  conditions. The mate r i a l  
d id  appear t o  have a higher percentage of smaller g ra ins  and did have a 
moderately preferred  t ex tu re ,  i f  any, 
However, the  improvement of p roper t i e s  on two ax i s  is  done a t  the  
expense of t h e  p roper t i e s  on the  t h i r d  ax i s .  The e f f e c t  on p l a t e  behavior 
would then depend on the  a x i a l  d i s t r i b u t i o n  of the  applied s t r e s s e s .  As  
mentioned before,  attempts t o  do t h i s  have been unsuccessful.  
Actually, t h e r e  is  no ind ica t ion  t h a t  any s i g n i f i c a n t  property 
changes resu l t ed  from t h e  r o l l i n g  process,  Table I shows t h a t  the re  was 
no d u c t i l i t y  increase  in the  r o l l i n g  d i rec t ion .  Thus, the  amount of 
p r e f e r r e d  o r i e n t a t i o n  must be  v e r y  s m a l l ,  The s t r e n g t h e n i n g  i n  the  rol- 
l i n g  d i r e c t i o n  i n d i c a t e d  i n  Tab le  I was n o t  confirmed by PER t e s t i n g  of 
t h e  s u r v e i l l a n c e  m a t e r i a l  t a k e n  from t h e  p l a t e .  The t e n s i l e  and bend 
s t r e n g t h s  determined a t  t h e  PER were t h e  same f o r  p l a t e s  S2 and S 3 ,  
In summary, mechanical  p r o p e r t y  d i f f e r e n c e s  between t h e  p l a t e s ,  i f  
any,  were q u i t e  s m a l l ,  
Mean power l e v e l :  The r e a c t o r  power l e v e l  d u r i n g  o p e r a t i o n  does 
n o t  v a r y  s i g n i f i c a n t - l y .  However, due t o  i n c r e a s i n g  p l a n t  e f f i c i e n c y ,  
t h e  p e r c e n t  o p e r a t i n g  t i m e  o v e r  t h e  l i f e  o f  t h e ~ l a t e s  i n c r e a s e d  e o a t i n -  
uous ly .  Th is  i n c r e a s e d  t h e  mean power l e v e l ,  ( P r ) ,  o v e r  a n  extended t ime  
p e r i o d ,  An a t t e m p t  w i l l  b e  made t o  c o r r e l a t e  t h e  d a t a  from Table  L E I  
u s i n g  t h e  mean power l e v e l ,  
The mean power l e v e l  (<) will b e  def rned  as t h e  t o t a l  energy ou t -  
p u t  o f  t h e  r e a c t o r  f o r  t h e  i n t e r v a l  o f  t h e  measuremEnt d i v i d e d  by the 
c a l e n d a r  t ime  o v e r  which i t  was accumulated, Bow p e r  u n i t  dose  (Bd) rs 
d e f i n e d  as t h e  maximum d i s t o r t i o n  from che o r i g i n a l  p l a n e  of t h e  p l a t e  
d i v i d e d  by t h e  e q u i v a l e n t  accumulated d o s e  ( s e e  n o t e  b  f o r  Table  LLI), 
The fo l lowing  r e l a t i o n s h i p  w i l l  be t e s t e d :  
where Kb i s  d e f i n e d  as t h e  bowing c o n s t a n t ,  Tab le  V I  g i v e s  t h e  r e s u l t s  
of t h i s  e v a l u a t i o n ,  
An examinat ion of Table  V I  shows t h e  f o l l o w i n g :  
l. The d a t a  f o r  S1,  S2 and t h e  second measurement - f o r  S3  indi- 
c a t e s  t h a t  f o r  h i g h e r  d c s e s ,  Ed i s  p ~ o p o r t i o n a l  t o  P, r e g a r d l e s s  o f  
t o t a l  dose ,  
2 ,  The d a t a  f o r  N 2  and t h e  f i r s t  measuremene f o r  S3 i n d i c a t e  
- 
t h a t  f o r  a g i v e n  Lhough Power d o s e ,  Ed is p r o p o r t k o n a l  t o  P,, 
3 ,  The v a l u e  of Kb decneases  tc a  cons tane  v a l u e  as t h e  tsral dose 
i n c r e a s e s  ( s e e  F i g ,  8),  
- I n  summary, t h e s e  krmited d a t a  f n d ~ . e a t e  t h a t  Ed is  a  fur,<.t:on of 
Pr and ,  a t  lower  d o s e s ,  of ro&ak  dose ,  
The i n i t i a l  r a p i d  s t r a i n  r a t e  may b e  p l a s t i c  s t r a k n  r e s u l t i n g  f rom 
t h e  h y d r a u l i c  f o r c e s  and - i n c u e a s i n g  i n t e r n a l  s t r e s s e s ,  The f a c t  that t h e  
s t r a i n  r a t e  f o r  a g i v e n  Pp appears  zo approach a c o n s t a n t  i n  r h e  v l c i n -  
i t y  of 5000 MWD would s u p p o r t  t h i s  h y p o t h e s i s ,  A dose  o f  5000 MXD es 
e q u i v a l e n t  t o  a f a s t  f l u e n c e  05 about  3 x 1 0 ~ 1  n/cm2 (En :.* 0 ,  I Meo) - And 
i t  i s  i n  t h i s  v i c l n i r y  bhak b e r y l l i u m  l o s e s  any a b ~ l i t y  t o  deform 
p l a s t i c a l l y .  
The reason f o r  the  mean p u w e ~  l eve l  dependency is  n ~ t  c l e a r ,  It i s  
perhaps she nesulr of a s t r e s s  rePaxaLsen mechanism s e l a r e d  to microcreep  
(Ref 119,  
There  1 s  one o t h e r  i a k e r e s r r n g  obseevak isn  one may make concerning 
the f a r i e d  s o u t h  p l a t e s , -  Xk one examines t h e  r e k a t i o n s h i p  berween t h e  dose  
ac iallure (Dig and the K, over  xhe lrfe of t h e  p l a t e ,  one  f i n d s  Df in- 
versely pr>ptdrtlwnal to P, Tha t  IS, k t  
 here Kt 1s a faslmre c o a s t a n t ,  one ~ ' c t 2 i . w ~  Kf f o r  p l a t e  Sl. of 
7 , 6 x ~ 0 5  and f a r  p l a t e  S2 of 3,8xkOS, w h ~ c h  are  i n  ve ry  good agreement,  
CONCLUDING REMaIRKS 
Six b e r y l l f m  r e f l e c t o r  p l a t e s  have been used i n  t h e  P lum Brook Re- 
actor- All plaEes  have bowed toward t h e  fue led  cove w i t h  v a r y i n g  amounts 
of bow p e r  u n l h  d o s e ,  Two of t h e s e  p l a t e s  s u f t e r e d  s t r u e t u r a k  f a i l u r e  
and at d i f f e r e n r  t o t a l  d o s e s ,  Th i s  behavior  was e v a l u a t e d  i n  terns o f  
pZa ie mar er i aLs  and i a b r i c a t  i o n  r echn lque ,  p r e l r  r a d i a t  eon and p o s t  l s r a d i -  
ak lon  p r o p e r t i e s ,  t h e  s t r e s s e s  exper ienced  by che p l a t e s ,  and t h e  mean 
power level of t h e  r e a c t o r  
The data  a v a i l a b l e  were n o t  s u f f i c i e n t  to pe rmi t  rrsm eonedusions  t o  
be  drawn" However, t h e  d a t a  a v a i l a b l e  do i n d i c a t e  t h e  f o l l o w i n g :  
P o  As E a b r i c a t e d  mechanical  p r o p e r t y  d i f f e r e n c e s  among t h e  p l a t e s  
appeared t o  be n e g l i g i b l e ,  
2 Ihe a n t e c n a l  s t r e s s e s  experienced by the  ~ x r a d r a t e d p l a t e s  prob- 
a e l y  approach the measured t e n s n l e  s t r e n g t h  of r,he m a t e r i a l ,  
3 She anaounac o f  bow nn the  p lavea  per  l e w j l t  dose i s  dependent  on 
b s r h  the mean reactor power l e v e l  and &oral  dose ar lower d o s e s "  At 
hrgher doses it is l i n e a r l y  p r o p o r t i o n a l  k c  the mean xeaetsr power l e v e l  
a L one 
4 The t o t a l  dose  t o  f a i l u r e  appears  t o  b e  i n v e r s e l y  p r o p o r t i o n a l  
to rhe mean r eac to r  power l e v e l ,  
A d d i t i o n a l  e v a l u a t s o n s  i n  p r o g r e s s  wlPl be r e p o r r e d  when completed,  
APPENDIX 
NEUTRON SPECTRA AND DOSIMETRY 
Dosimetry 
The f a s t  neutron f luence  f o r  t h e  s u r v e i l l a n c e  specinnens was de te r -  
mined by us ing  n i c k e l  dosimeter w i r e s  i n  t he  i r r a d i a t i o n  capsule. An 
e f f e c t i v e  c ros s  s e c t i o n  of 0.40 barns and a threshold  of 2 , 9  Mev was used 
f o r  t h e  N ~ ~ ~ ( Q , P ) c o ~ ~  r e a c t i o n .  The 0 .1  Mev va lues  were obtained by 
ex t r apo la t ing  the  N i  d a t a  from 2.9 Mev us ing  a s p e c t r a l  shape obtained 
by ca l cu la t ion .  The ca l cu la t ed  spectrum was a 71-group d i f f u s i o n  calcu- 
l a t i o n .  The thermal neutron f luence  was monitored wi th  c o b a l t  wi res  us- 
i ng  a c ros s  s e c t i o n  of 37.2 barns f o r  t he  C O ~ ~ ( Q , ~ ) C O ~ ~  reac t ion ,  The 
unce r t a in ty  (95 pe rcen t  confidence) f o r  t h e  f a s t  f luence  i s  A40 percent  
f o r  En 0 .1  Mev. The unce r t a in ty  f o r  t h e  thermal f l uence  i s  BkO percent, 
The f a s t  f luence  f o r  p l a t e  51  w a s  determined by analyzing smpPes 
of t he  p l a t e  a f t e r  f a i l u r e  f o r  i r o n  and manganese-54. The specffic activ- 
i t y  r e s u l t i n g  from the  ~ e ~ ~ ( r l , ~ ) ~ n 5 4  neutron was used t o  ncamalize the 
neutron spectrum f o r  t h i s  l oca t ion .  The spectrum had been calculated 
us ing  t h e  SAND I1 code and experimental ly  determined a c t i v a t i o n  d a t a  f o r  
s e v e r a l  f a s t  and in te rmedia te  f l u x  d e t e c t o r s .  The thermal f lhences  w a s  
es t imated  from 2 dimensional f l u x  c a l c u l a t i o n s  f o r  t h e  PER ( R e f ,  14.1, 
The u n c e r t a i n t i e s  f o r  both a r e  est imated a t  540 percent  a t  the 95 percent  
confidence l e v e l .  
The f luences  f o r  p l a t e  S2 were determined by mul t ip ly ing  t h e  
f luences  f o r  p l a t e  S1 by the  r e l a t i v e  megawatt days of r e a c t o r  exposure ,  
There is  some e r r o r  introduced by t h i s  method f o r  l o c a l  f luence  values o f  
p l a t e  52, Improved core  loading  has f l a t t e n e d  t h e  power distribution i n  
t h e  PBR core.  Thus, t h e  va lues  shown i n  Table I V  f o r  p l a t e  S 2  samples 
a r e  somewhat high (- 20 pe rcen t ) .  The average f luence  on the  plate woreQd 
not  change. 
Neutron Energy Spec t ra  
The neutron energy s p e c t r a  f o r  the  south bery l l ium p l a t e s  a t  the  
r e f l e c t o r  s i d e  a r e  given i n  Figs.  9-11. The s p e c t r a  f o r  the  s u r v e i l l a n c e  
specimens i s  s i m i l a r  bu t  i s  complicated by the  f a c t  t h a t  they were irrad- 
i a t e d  i n  s e v e r a l  d i f f e r e n t  t e s t  f a c i l i t i e s  i n  t he  PBR. 
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TABLE, 1 
TYPICAL ANALYSIS OF BERYLLIUM FOR PLATES 2 AND 3 
Composition 
Analysis 
Mechanical properti esa 
U.T.S, south plate 2 3 ,62x108 Nf m2 (T) ; 2 . 9 ~ 1 0 ~  N I ~ ~  (L) 
Y.  S. (0 .2  percent) south plate 2 2 ,5x108  N/m2 (T) ; 2 . 4 ~ 1 0 ~  x/m2 (L) 
Elongation south plate 2 4 ,3%(T)  ; 1 , 1% (L) 
U,T.S. south plate 3 2 , % x 1 0 ~  N/m2 (T) 
Y,S, south plate 3 P,9xl o8 N/m2 (T) 
Elongation south plate 3 4,2% (T) 
a (T) = nomal to pressing axis and tor south plate 2, parallel to rolling 
direction, 
(L) = parallel to presslng axis, 
C ~ c l l n g  watei temperature 
Maxarnhab piare ternperakure 
Value 
North plates  South plates 
r * l ~ r l m d m  r i b r  neurron flux (En > 0.1 Mer) 1.2xl0~~ n/cm2/sec 6.0~1014 n/cm2/sec 
iviax~m:ini r b e r m z l l  neu t ron  f l u x  2 l , l x ~ 0 ~ ~  n/cm2/sec ~ ~ 0 x 1 0 ~ ~  n Jem /sec 
sob 
m o m  
N e d  
Q O b  
m o m  
9 4 
m m N  
N rl 
m e  v3mCO 
C O L D  m m o  
0 c " " 0  
\ o m  m o o  
rtplr i  
TABLE I V  
CONTINUED 
Specimen F a s t  Thermal D e n s i t y ,  L a t t i c e  pa ramete rs  Gas c o n t e n t ,  Dis locat- ion 
number f l u e n c e  f l u e n c e  , kg/rn3x10m3 @c/gm loop 
2 > 0 . 1  Mev, n/cm A 
co d e n s i t y ,  
n/cm2 0 H e  T2 no. / cm3 
P l a t e  number 2 
1 OAa 5 , 2 x 1 0 ~ ~  2,1x1020 1 .853  
lOAb 5 ,2x l020  2 . 1 ~ 1 0 ~ ~  
3 7A 5 . 9 ~ 1 0 ~ ~  1 . 0 ~ 1 0 ~ ~  
4 3A 1 . 1 ~ 1 0 ~ ~  2,2x1022 1 .852 
45A 1 . 5 ~ 1 0 ~ ~  3 . 0 ~ 1 0 ~ ~  1.949 
45Ba 
45Bb 
45C 1 . 8 5 1  
45D 
4 7A 6 , 1 x 1 0 ~ ~  1 . 2  
BERYLLIUM SURVEILLANCE SPECIMEN DATA 
Test Fas t Thermal Density Ultimate tensile 
number f luence , f luence , change, strength, 
>0.1~ev nIcm2 kg/m3 (N/~~)xIO-~ 
n/cm2 Pre Post 
Bend strength Hardness 
load at fracture- Rockwell B 
N X ~ O - ~  Pre Post 
Pre Post 
Plate S1 
2 9.3x1020 I.. 8x10~' ---- 2.9M.2 2.-G2.9 2.1P0.1 2.7-2.9 77 80 
3 1 . 3 ~ 1 0 ~ ~  2 . 5 ~ 1 0 ~ ~  ---- 2,5-2.8 74 9 3 1 3.7-3.8 i. 4 4 . 1 ~ 1 0 ~ ~  9 . 2 ~ 1 0 ~ ~  ---- 1.5-2.8 2.1-2.6 76 87 5 4 . 8 ~ 1 0 ~ ~  9.6~10~' -lf3 4.2-4,4 1,5-1.8 75 9 4 x 9 . 2 ~ 1 0 ~ ~  1 . 7 ~ 1 0 ~ ~  -933 1,2-1,7 2.3-3.2 75 9 7 
Plate S2 
3.08f0.2 2.8-4.2 2.4k0.1 ------- 7 1 
All test 2 tensile ------- ------- 70 
specimens failed 
in grips w - 
EVAZUATlON OF BOWING CON ST ANTS^ 
- 
Plate Equivalent dose B d P r 
(MWD 1 (em/MWD) (megawatts) 
Figure 1. - Reactor Core-Vert ica l  Section 
VERTICAL 
PEAK nux . - 






PLATE S 1  PLATE S2 
Figure 2. - Plate sample and fracture locations. 
"*7 t 24 HOUR ANNEAL FAST RUENCE - 2 . 4 ~ 1 0 ' ~  I C M ~  (En >O. 1 MeV) I 
1.6- 
573 673 773 873 973 
TEMPERATURE, K 
Figure 3. - Swelling threshold plate number S l  beryllium 
(A) PLATE S1. 
(B) PLATE S2. 
Figure 4. - Microstructure of plates S1 and  S2. X250. 
( C )  ZOBa IHIGH FLUX REGION.  0 . 2 ~  
Figure 5. -T ransmiss ion  electron micrographs of samples laiten f rom var ious regions of moderator plate 1. 
(A)  10a REGION OF LOW FLUX. (B) 47a REGION OF INTERMEDIATE FLUX 
- 
0.2 p ( C )  45d REGION OF HIGH FLUX. 
Figure 6. - Transmission electron micrographs of samples taken from var ious regions of moderator plate 2. 
I 0 .  (6) DISLOCATION INTERACTIONS. 
F igure  7, - Dislocation s t r u c t u r e  of sample MB f rom plate S1. 
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DOSE, (EQUIVALENT MEGAWATT DAYS x10-~)  
Figure 8. - Bowing constant as a function of equivalent 
dose. 
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Figure 9. - Integral  n e u t r o n  spectrum sou th  Be plate. 
Figure 10. - Differential neutron ~ p e c t r u m  south Be 
plate. 
E 
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Figure 11. - Differential neutron spectrum south Be plate. 
